Abstract. An automated serial histology setup combining optical coherence tomography (OCT) imaging with vibratome sectioning was used to image eight wild type mouse brains. The datasets resulted in thousands of volumetric tiles resolved at a voxel size of ð4.9 × 4.9 × 6.5Þ μm 3 stitched back together to give a three-dimensional map of the brain from which a template OCT brain was obtained. To assess deformation caused by tissue sectioning, reconstruction algorithms, and fixation, OCT datasets were compared to both in vivo and ex vivo magnetic resonance imaging (MRI) imaging. The OCT brain template yielded a highly detailed map of the brain structure, with a high contrast in white matter fiber bundles and was highly resemblant to the in vivo MRI template. Brain labeling using the Allen brain framework showed little variation in regional brain volume among imaging modalities with no statistical differences. The high correspondence between the OCT template brain and its in vivo counterpart demonstrates the potential of whole brain histology to validate in vivo imaging.
Introduction
Light microscopy remains the main tool used to investigate cellular structure. Over the past decades, advances in this field gave rise to new imaging techniques, [1] [2] [3] [4] generating new contrast information at the cellular level. To this day, microscopic imaging of cellular tissue, commonly termed histology, remains the gold standard for histopathologists. While histology has had tremendous impact on our understanding of the brain anatomy and function, observation under a microscope of a thin slice of tissue gives a very poor representation of the whole organ. There is an increasing consensus among brain scientists toward the importance of neuronal pathways among brain regions to understand neurodegenerative diseases and brain injury. [5] [6] [7] [8] [9] Serial histology to obtain large tissue section datasets is becoming essential to help bridge spatial scales among imaging at the cellular level and morphology at the millimeter scale.
This need was demonstrated with the Big Brain initiative, 10 where 7400 histological slides of a single human brain were cut, digitized, and stitched back together to yield an entire brain resolved at 20 μm and totaling 1 Tb of data. However, this was a labor-intensive work, where each slice was manually placed on glass plates and corrected for cutting defects. Recent developments of automatic tools combined with microscopy allowed to overcome the need for manual operations, thus drastically reducing acquisition time. For example, micro-optical sectioning tomography 11 was introduced to automatically image entire mouse brains at a resolution of ð0.33 × 0.33 × 1Þ μm 3 . While these techniques are important advances in bridging micrometric microscopy and whole brain imaging, they also include limitations. Indeed, they are based on the imaging of cut tissue sections. In turn, sectioning leads to deformation and loss of tissue in the axis transverse to the movement of the cutting blade, making it difficult to recover the three-dimensional (3-D) topology. Moreover, depth subsampling, typically resulting in a resolution equal to the thickness of the cut, makes it difficult to properly represent the tissue in three dimensions. These difficulties can be overcome by combining vibratome sectioning to cut fresh tissue with depth-resolved imaging techniques, such as optical coherence tomography (OCT) 12, 13 or two-photon microscopy. 14, 15 With the acquisition of whole brains at the micron scale, there is a growing interest to correlate these datasets rich in information to in vivo magnetic resonance imaging (MRI) imaging. For this, further validation is required to confirm that vibratome sectioning of tissue does not significantly alter the tissue's morphology. Moreover, tissue fixation is known to induce deformations in biological tissues, with the deformation varying widely depending on the fixation procedure used and fixation duration. 16, 17 For instance, the absence of transcardial perfusion in mice will result in a slow diffusion of fixative in the brain, which could result in anisotropic deformation. Also, dehydration of tissue preceding microtome sectioning can also lead to considerable deformation. An evaluation of deformation produced by these serial histology techniques is necessary to correlate whole brain histology with in vivo MRI.
With the goal of evaluating such deformations, we developed a large scale motorized OCT scanner that is able to sequentially slice through agarose-embedded tissue. The developed imaging platform, which we named the slicer in this work, allows imaging of large sections of exposed intact tissue, before removing a thin slice with a vibratome to expose new tissue. Postprocessing algorithms are then used to reconstruct a 3-D dataset of entire small animal organs.
To measure deformation caused by fixation, serial sectioning, and to validate reconstruction algorithms, we imaged mouse brains with three distinct acquisitions. First, in vivo MRI datasets were acquired in anesthetized mice, followed by ex vivo MRI imaging of the same brains. The brains were then embedded in agarose blocks and imaged with the OCT serial scanner. With OCT, brain tissue displayed high contrast in white matter due to changes of the refractive index in white matter fiber tracts. 13, 18, 19 Despite the fact that signal intensity originating from white matter was highly dependent on fiber tract orientation, coregistration to MRI was feasible and robust. In this work, we adapted an automatic and standardized pipeline workflow, based mainly on the Advanced Normalization Tools (ANTs), 20 to perform groupwise and individual comparison among imaging modalities. Anatomical MRI imaging methods that have been used to study brain morphology, such as cortical thickness and anatomical labeling were applied to OCT imaging to compare modalities for deformations.
More specifically, in this work, we imaged a group of brains using serial histology and used MRI image processing tools to perform statistical group analysis on these large histological datasets of entire mouse brains. Our results show that there is no significant deformation produced by the different stages of brain tissue manipulation (fixation and slicing). To our knowledge, this is the first attempt at registration of whole organ histology to MRI volumes, opening the way for studies accessing microscopic validation of in vivo MRI observations. We also compute for the first time an average brain atlas based on OCT reflectivity that can be used to find new insight to white matter contrast in OCT.
Materials and Methods

In Vivo Measurements
A total of N ¼ 8 male 3-month-old C57Bl/6 wild type mice were used for this study. The Animal Research Ethics Committee of the Montreal Heart Institute approved all surgical procedures, which were performed according to the recommendations of the Canadian Council on Animal Care. Mice were anesthetized with isoflurane (2%) and imaged in a 7-T MRI (Agilent 7T-30), equipped with a 12-cm-inner diameter gradient coil insert (gradient strength 600 mT∕m, rise-time 130 μs), with a true fast imaging with steady-state precession sequence (TFISP), 21 using a volume coil for transmission and head surface coil for reception (Rapid Biomedical, Germany). TR∕ TE ¼ 6.0∕3.0 ms, 256 × 256 × 192 matrix, with a longitudinal readout direction, 18 × 18 × 13.5 mm field of view (FOV) for a nominal 70-μm isotropic resolution, with a fractional anisotropy ðFAÞ ¼ 35 deg, 4 frequency shifts, and 6 averages for a 120-min scan duration. To account for potential deformation due to gradient calibration, voxel size was further calibrated using a phantom of known size and measured at 77 μm.
Ex Vivo Measurements
One week following in vivo imaging, mice were euthanized to extract the brain. They were first anesthetized under 2% isoflurane and transcardially perfused with 20 ml of saline, followed by a mixture of 4% paraformaldehyde mixed with 1% gadolinium at a rate of 2 ml∕ min. For ex vivo MRI imaging, four brains were extracted from the skull while the four others were left in the cranium and placed in a degassed Fomblin solution to reduce undesired MRI signal from the exterior of the brain. 22 
Optical setup
Data acquisition was performed using a custom-made fibered optical coherence tomography scanner. The OCT system uses a swept-source laser (Axsun, 1310 Swept Source Engine) with an output power of 18 mW. The central wavelength of the laser is λ ¼ 1310 nm with tuning bandwidth of Δλ ¼ 100 nm. A 50-kHz sweeping rate enabled high-speed imaging. Light exiting the fiber in the sample arm was deflected by X and Y galvanometers before passing through a telescope (f 1 ¼ 35 mm and f 2 ¼ 100 mm) to enlarge the beam diameter at the entrance of the pupil of a 3× telecentric air objective (Thorlabs, LSM04), giving a lateral resolution of 8 μm in water. A custom-made coverslip was added between the objective lens and the sample to avoid water ripples and maintain a constant water column length in the sample arm of the OCT. The addition of a variable thickness of glass in the reference arm was necessary to compensate dispersion caused by lens and water in the sample arm. Axial resolution was measured at 10 μm in water. Individual OCT volumetric datasets were composed of 1152 points per A-line, 512 A-lines per B-scan, and 512 B-scans per C-scan, resulting in an OCT volume in a little over 5 s. During acquisition, volumetric data were discarded for depths over 780 μm due to out-of-focus effects and high signal attenuation. The use of a low-magnification microscope objective and rapid imaging with a swept-source OCT enabled imaging entire mouse brains within ∼8 h.
Data Processing
Optical coherence tomography data reconstruction
The first reconstruction step was to transform the volumes to isotropic voxels and to correct for optical artifacts introduced by the objective. A displacement model of the motorized stage was then used to estimate each tile position within the mosaic. This model considered the angle between the X and Y motors, the angle between the motor axes and the laser scanning plane, and the overlap size among neighboring tiles. The model parameters were estimated from the data by computing the phasecorrelation-based pairwise registration of all neighboring tiles within the mosaic and by inverting the model, solving for each parameter. Using this method, the individual tile XY position within each slice was obtained. The next step was to stitch together the volumes for each slice [ Fig. 1(b) ]. This was done using linear blending to fuse overlapping tiles E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 5 5 1 M 0 ðx; yÞ ¼ αðx; yÞIðx; yÞ þ ½1 − αðx; yÞMðx; yÞ;
(1)
where Mðx; yÞ is the mosaic, Iðx; yÞ is a tile, and αðx; yÞ is the spatially varying blending weights, obtained by solving the Laplace equation ∇ 2 αðx; yÞ ¼ 0 with Dirichlet boundary conditions over their overlap region. This was proven adequate for complex overlap geometries and ensuring a smooth transition among neighboring tiles. The last reconstruction step was to stitch the slices together in the Z-direction to get a complete 3-D volume [ Fig. 1(c) ]. This was done by computing the shift among adjacent slices using the cross correlation of their two-dimensional image gradient magnitude and using the same blending method as for the XY stitching. This reconstruction resulted in a 3-D map of the brain tissue optical reflectivity at a microscopic resolution.
The OCT reflectivity data were affected by a depth-dependent signal attenuation due to the microscope's confocal point spread function (PSF) and to tissue scattering and absorption. To compensate this effect, the PSF was first extracted from the surrounding agarose using a Gaussian beam model E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 8 7
where z is the depth, z f is the focal plane depth, and z R is the effective Rayleigh length. An XY invariant synthetic axial PSF was generated from the fitted model and used to remove the signal roll-off. Then, a single scattering photon model was used to estimate the tissue attenuation coefficient locally. 24, 25 The attenuation at a given depth i is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 4 7 7û
where Δ is the axial resolution and I is the signal intensity. Finally, using the Beer-Lambert law, an attenuation bias field was computed for each slice as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 3 9 7 Bðx; y; zÞ ¼ exp −2
and used to normalize the data E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 3 3 0 I 0 ðx; y; zÞ ¼ Iðx; y; zÞ Bðx; y; zÞ :
The necessary time for the whole data reconstruction process remained under 12 h∕brain. More details regarding the OCT data reconstruction and attenuation compensation can be found in Ref. 26.
Brain masking
For MRI images, a bias field correction (N4BiasFieldCorretion) implemented in the ANTs toolkit was applied 27 before brain masking. The primary step for subsequent analysis of data was to create an efficient brain mask, isolating the brain from surrounding tissue (i.e., skull) and background noise. For all three imaging modalities, an automatic brain extraction algorithm was written using the open-source scikit-image toolbox 28 for reliable and repeatable masking. The brain volumes were thresholded using the Otsu method 29 and underwent a morphological erosion (radius ¼ 2). The resulting binary mask was multiplied with the original volume to initiate extraction using morphological snakes, an iterative contour evolution method to detect edges. 30, 31 For both in vivo and ex vivo MRI, the obtained brain mask was then applied to the original brain volume, and a new field bias correction was applied to the masked MRI original data to avoid contributions from nonbrain tissue.
Atlas registration
Brain registration was performed using the ANTs toolkit 20, 32, 33 and the anatomical Allen mouse brain atlas generated from native two-photon autofluorescence features of 1675 specimens. 14, 34 First, brains were aligned with a rigid transformation to the Allen atlas, which consists of a translation and a rotation of the dataset to best-fit the atlas orientation. Registration of MRI and OCT brain volumes to a mouse brain atlas allowed automatic segmentation of the brains by anatomical regions instead of biased and time-consuming manual segmentation. To bring the Allen atlas in the imaged brain stereotaxic space, a series of rigid, affine, and symmetric normalized (SyN) transformation, developed in the ANTs toolkit, were sequentially applied to fit the Allen template to the individual subject stereotaxic space. Figure 2 summarizes the data processing workflow used for subject registration. Mutual information was used as a cost function since datasets are imaged using different modalities, thus exhibiting different contrast information. Registration was a greedy computational process, and a downsampling of the OCT brains to 25-μm isotropic voxels was necessary to run coregistration. They found diffeomorphic transformation was then applied to the annotation file to bring it in the measurement space, resulting in an annotation map of the specimen. To determine registration quality, each ex vivo MRI brain was registered to their corresponding OCT image dataset as well as their corresponding labels. By measuring the overlap of brain subregions, we were able to quantify registration quality using the Jaccard metric, defined as the size of the overlap of two volumes divided by the size of the union of the same volumes.
A population template brain for each of the three imaging modalities was computed as described in the ANTs toolkit. 35 For each imaging modalities, the brain template was flipped along the midsagittal plane, and both original and mirrored brains were averaged using the same process, having the practical effect of doubling the number of brains for the template.
Cortical thickness
Cortical thickness has been used as a metric to evaluate morphological changes in various pathologies, such as Alzheimer's disease and schizophrenia, 36, 37 its measure remains, therefore, of utmost importance. Here, we used a Laplacian thickness approach to measure cortical thickness. This algorithm uses the Laplace equation to compute equidistant lines through the cortex and to use orthogonal projections to compute cortical thickness. 38 Since the algorithm was optimized for human brains, input parameters were adapted to the brain size of mice (prior thickness ¼ 1 mm, dT ¼ 0.001).
Results
The template formation allowed for in vivo MRI to enhance the contrast between white and gray matter [ Fig. 3(a) ] compared to individual acquisitions (not shown). The TFISP sequence used for ex vivo MRI generated banding artifacts, which were significantly reduced upon template formation [ Fig. 3(b) ]. For serial-OCT imaging, the resulting template significantly smoothes transitions among slices and fades out cutting errors to show a highly detailed map of gray and white matter [ Fig. 3(c) ]. However, certain artifacts remain apparent in the OCT brain template. As expected, high contrast appears in myelinated fiber tracts, which is not constant within the same white matter structure. Green arrows in Fig. 3(c) highlight fiber tracts where reflectivity signal varies spatially for the corpus callosum [ Fig. 3(c) , left panel] and for the anterior commissure [ Fig. 3(c) , right panel]. Fibers running in the coronal plane appear as bright as others, perpendicular to the coronal sections appear darker, consistent with previous observations. 12, 39 The OCT reflectivity brain template was made publicly available online. 40 The resemblance of each individual sliced brain and the OCT brain template was assessed by looking at the warp fields used to pass from an original brain to the template. Warp fields resulting from the registration process provide the displacement of each voxel in three dimensions. By taking the modulus in 3-D for each voxel, we obtained a map of voxel displacements. Figure 3(d) shows a histogram of the average voxel displacement from each individual to the template for in all three imaging modalities. All three imaging modalities show a log-normal distribution. Both in vivo and ex vivo MRI imaging show very similar profiles, with average voxel displacements of 82 and 86 μm, respectively. The larger profile of the voxel displacement for slicer imaging suggests a wider range of voxel displacement and averages at 128 μm.
To check the similarity between the in vivo MRI and slicer templates, we used ANTs to warp one template on the other. Figure 4(a) shows the color-coded voxel displacement map between the slicer template and the in vivo MRI template, overlapped on a transversal section of the in vivo template. Largest voxel displacements appear in the olfactory bulb, the cerebellum, and in the optic nerve (not shown). These areas of large displacement translate into an extended tail in the voxel displacement histogram [ Fig. 4(b) ], toward higher displacements. These regions are either absent or partially absent of the OCT template due to slicing difficulties in these regions. Large displacements also occur in and around ventricular areas [ Fig. 4(a) ] whereas low displacement occurs in gray matter areas. The average voxel displacement in the whole brain is 74 μm.
To further investigate the deformation among imaging modalities, we measured large brain regions volumes. Large Fig. 2 Data processing workflow. Each MRI volume undergoes a nonuniformity bias field correction. Volumes are then masked to extract brains and undergo a rigid transformation (translation and rotation) to be aligned in the Allen framework. The aligned brains are then used to create three templates for each imaging modality. The Allen atlas is registered to each individual aligned brain using a combination of affine and SyN transformations. Allen atlas labels are transformed to subject space and used to determine large brain region volumes and cortical thickness. Red boxes: datasets, blue boxes: computational processes, italic: ANTs toolbox, and yellow boxes: outputs.
Journal of Biomedical Optics 016008-4 January 2018 • Vol. 23 (1) brain regions annotation maps were aligned to subject brains [ Fig. 5(a) ] as described previously. Voxel counting within each region allowed estimation of volume [ Fig. 5(b) ]. Ventricles showed the largest volume variation between in vivo and ex vivo imaging. A shrinking to 47% AE 15% of its in vivo volume was observed in both ex vivo imaging modalities. Other deep brain regions showed little variation in size (Table 1) . Volumetric variations for all deep brain structures were comprised within error bars, defined as the standard deviation over the mean. Cortical volume remained constant among imaging modalities, as for total brain volume. Paired t-tests among different imaging modalities showed no significant volumetric difference among large brain regions, except for the ventricles, where a significant (p < 0.05) volume variation was observed between in vivo and ex vivo MRI and between in vivo and slicer imaging.
We used the Jaccard coefficient to check whether the registrations between two datasets were adequate for brain labeling. To do so, we first aligned each ex vivo MRI brain to its slicer counterpart. We then applied the same transformation to the large brain region labels of ex vivo MRI to align them with the labels of slicer imaging. The Jaccard coefficient, which gives an index of the similarity among aligned brains, is defined as the ratio of the intersection divided by the union of two volumes E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 9 7 JðA; BÞ ¼ Further investigation of the alterations induced by serial imaging was performed by computing cortical thickness. Using the labeled cortex of the mice provided in the Allen brain framework, we were able to obtain voxel-based thickness maps for the MRI and slicer imaging modalities. Thickness maps for all eight animals and three imaging modalities were spatially normalized to the slicer template for statistical comparison. Figure 6(a) gives the average thickness map for all eight mice imaged with the slicer platform superimposed on the slicer template brain. Distinct separations of the cortex and corpus callosum are visible at the inner part of cortical map showing precise alignment of segmented cortex on template brain. Average cortical thickness was measured at 982 μm for in vivo imaging, 988 μm for ex vivo MRI imaging, and 1026 μm for slicer imaging. We were able to obtain a differential thickness map by subtracting the average thickness maps of the slicer to that of in vivo [ Fig. 6(b) , left panel] and ex vivo MRI [ Fig. 6(b) , right panel]. To evaluate whether these differential maps among imaging modalities were significant, we averaged the cortical thickness over large cortical areas (e.g., primary motor, primary somatosensory, and primary visual). A paired t-test with matching individuals showed no significant cortical thickness differences in large cortical areas between imaging MRI (in vivo/ ex vivo) and slicer imaged brains.
Discussion
Serial sectioning and imaging proved to be an efficient means to image brain tissue at high resolution, giving a reliable representation of the in vivo tissue. By comparing large brain regions and whole brain volumes between in vivo and MRI ex vivo datasets, our results show that deformation caused by the fixation procedure used here is not significant compared to intramodal variations within a time period of two weeks postfixation. Previous work 16, 17, 41 has shown significant deformation caused by tissue fixation. However, our brain samples were transcardially perfused, allowing PFA to be uniformly distributed in the brain, instead of immersion of fresh brains in PFA, 16, 17, 41 which would result in slow and nonuniform diffusive perfusion. Also, for ex vivo imaging, brains did not undergo further fixative processes, such as ethanol dehydration, which further limited tissue deformation. Trial and error has also shown that diluting a 10% PFA solution to 4% in saline has had lower impact on tissue shrinking compared to powder based PFA.
The creation of an OCT template of the mouse brain was done for the first time and shown to be feasible with standard tools used in MRI. The ANTs toolbox proved to be an adequate tool and was able to converge to an optimal template without significant tuning. However, certain artifacts remain in the template brain as depicted previously. First, in the cerebellum, artifacts appear due to the folds that characterize this structure in mice. Indeed, when cutting through this structure, the many folds may not be fully supported by the agarose matrix, which cannot fully penetrate in small sulci, thus leading to cutting artifacts. Also, imaging does not always begin at the exact same coronal section for individual brains. The registration algorithm will likely try to overcompensate for this absence of tissue. Indeed, the registration algorithm assumes that both images are complete and similar (i.e., they contain the same information). For example, a missing olfactory bulb in one image will be stretched to fit a complete brain, as the registration algorithm will assume that the former is only deformed and not missing. This effect can be reduced but not eliminated using registration masks. Finally, when slicing through the anterior part of the brain, it has happened that the last portion of the brain slipped out of the agarose mold due to smaller surface contact holding the brain in place. For certain brains, the most anterior part of the brain was missing, creating the shadow artifact present in the forebrain. Presumably, these issues can be alleviated with improvements in tissue preparation. Warp field analysis showed that on average, a larger deformation of individual brains was needed to transpose to the template brain for OCT imaging compared to both in vivo and ex vivo MRI imaging. This could be due to deformation caused by vibratome sectioning of the tissue. Indeed, some areas are less supported by the agarose matrix such as the cerebellum, as described previously. Also, during the acquisition, brain tissue tends to detach itself from the agarose matrix, which can cause cutting artifacts. To address this problem, 15 we have oxidized agarose gels to enhance adherence with agarose. Another explanation for this large interindividual deformation could be that with slicer imaging, we do not image the exact same areas of the brain from one acquisition to another. As described above, acquisitions do not comprise the same parts of the cerebellum, sometime starting the acquisition at a more anterior part. The same goes for the olfactory bulb. As a result, some brains will be expanded to compensate for missing tissue while others will be shrunk. Nonetheless, the average OCT brain was very similar to the MRI in vivo template. Areas of largest displacement from one template to another, namely the olfactory bulb, the cerebellum, and optic nerve, are simply not present in the OCT template. Thus, the registration algorithm compensates for the absence by stretching these areas. Large displacements, although to a lesser extent, also occur near the ventricular areas. This result corroborates with the large volumetric variations observed in ventricles when comparing in vivo to both ex vivo modalities. The intracranial pressure exercised on ventricles filled with cerebrospinal fluid maintains their shape. In the absence of intracranial pressure when performing ex vivo imaging, ventricles tend to collapse on themselves, explaining larger deformation. Despite these issues, anatomical measures showed no statistical differences among modalities suggesting that serial imaging could be used to assess anatomical markers. OCT imaging in the fixed mouse brain gives rise to variable contrast in white matter, dependent on the fiber orientation, whereas gray matter contrast remains constant in all parts of the brain. When myelinated fibers run in the imaging plane of the objective, in this case parallel to coronal sections, they present a high reflectivity, represented as tissue with high intensity in the template. On the other hand, fibers oriented perpendicularly to the imaging plane will appear darker. This is particularly apparent in the caudoputamen where fibers oriented in different orientations appear with different intensity values. This particular interaction of white matter with light allowed to see the change in orientation of white fiber tracts in the posterior region of the corpus callosum and in the anterior commissure, as shown with diffuse tensor imaging. 42, 43 Quantification of white matter tract orientation can be achieved using polarization sensitive OCT, allowing 3-D fiber tracking in the whole mouse brain at a higher resolution than could be achieved in diffuse tensor imaging. 3, 44 Light sheet microscopy has also been used to image whole mouse brains. [45] [46] [47] This approach necessitates tissue clearing, which will disrupt native contrast of white and gray matter eliminating neuroanatomical features in the brain and rendering region labeling difficult. Tissue preparation needed for light sheet microscopy imposes harsh conditions to tissue and may further create deformations potentially altering the in vivo brain shape.
The labeling of OCT datasets was made possible by the combination of the ANTs toolbox and the Allen mouse brain. By registering individual OCT datasets to the Allen brain, we were able to automatically segment the brain in large regions. It was unclear at first though, whether we would be able to register datasets originating from different imaging modalities, showing different contrast information. The measure of the Jaccard index in large brain regions showed that our registrations were comparable to work previously done in MRI. 20, 48 An exception remains for the corpus callosum, where a much lower overlap index was measured. The particular shape of the corpus callosum gives it a large surface to volume ratio, which has shown to influence greatly the Jaccard index. 49 The changing signal intensity of tissue within the corpus callosum can also explain poor registration.
The approach presented in this paper allows us to measure anatomical brain metrics, such as cortical thickness, in a single template space. The cortical thickness mapping relies on an adequately labeled cortex in the brain. The Jaccard index for the isocortex overlap was the highest among brain structures, confirming a robust labeling of the isocortex. The particular configuration of the isocortex, being at the surface of the brain, gives it well-defined borders that help for accurate registration to Allen brain.
Conclusion
In this paper, we presented an imaging platform capable of imaging entire mouse brains at microscopic resolution. The reasonable acquisition time allows imaging of large amounts of samples. We obtained for the first time a template brain of a population of mice using a microscopic OCT serial scanner and showed, through the comparison of brain region volume, cortical thickness, and overall brain volume, that fixation and slicing of the tissue generated little changes in brain morphology. We also demonstrate that we could register whole brain OCT datasets to MRI using image registration tools. Registration of detailed and highly resolved OCT maps to in vivo MRI is limited by the lack of resolution and low contrast of the latter. Accurate registration is achievable when acquiring ex vivo MRI, where a higher resolution and a better structural contrast are present. The combination of block-face microscopy with OCT imaging of the brain proves to be an adequate tool for reliable representation of in vivo brains while keeping neuroanatomical features. Such a tool opens the way for studies of observing microscopic alterations in the whole brain among a large group of subjects.
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